Abstract. The present study aimed to assess the effects of aromatase inhibitor anastrozole and testosterone undecanoate, separately and in combination, on proliferation and apoptosis in MCF-7 human breast cancer cells cultured in vitro. The effects of various concentrations of these drugs on the proliferation of MCF-7 cells were evaluated by CCK8 assay, the levels of cell apoptosis were evaluated by flow cytometry with Annexin-V/propidium iodide staining and androgen receptor (AR) protein expression was determined by western blot analysis. The results of the CCK8 assay indicated that greater antiproliferative activity was detected in the MCF-7 cells in the combined treatment groups, compared with those treated with anastrozole or testosterone undecanoate alone. Flow cytometric analysis of apoptosis revealed that treatment with a combination of the two drugs generated a higher percentage of apoptotic cells, particularly when the two drugs were applied for 48 h, compared with single drug treatment. Western blot analysis revealed a significant decrease in AR protein expression in the combined treatment groups compared with MCF7 cells treated with single drugs. The results of the present study provided evidence supporting the potential of a combination of anastrozole and testosterone undecanoate as a novel therapeutic strategy for the treatment of breast cancer. Furthermore, it was demonstrated that the antiproliferative effects of anastrozole were significantly enhanced by combined treatment with testosterone undecanoate via the AR signaling pathway.
Introduction
Endocrine therapy has facilitated a significant survival advantage for patients with hormone receptor (HR)-positive breast cancer, with approximately two-thirds of patients with HR-positive breast cancer benefiting from endocrine therapies (1) . Aromatase inhibitors (AIs), for example anastrozole, are currently considered to be the standard treatment for post-menopausal breast cancer patients with estrogen receptor (ER)-positive cancer subtypes, and they have been demonstrated to be more effective than the selective ER modulator tamoxifen (2) . However, over the past several years, an increasing body of evidence has reported that drug resistance may still develop with anastrozole treatment (3) (4) (5) . Treatment efficacy is limited through intrinsic and acquired therapeutic resistance (6) . To date, studies have shown that ~40% of primary resistance to endocrine therapy existed in ER-positive breast cancer and that almost all patients would lose sensitivity to endocrine drugs during the period of therapy (7). Macedo et al identified drug-resistance to anastrozole in vivo using mouse xenograft models of aromatase-overexpressing human ER1 breast cancer cells, which were in receipt of anastrozole treatment for several weeks. Resistant tumors exhibited high expression levels of insulin-like growth factor receptor 1b, mammalian target of rapamycin (mTOR) and phosphorylated-mTOR, as well as decreased expression of ERa and aromatase activity (8) . The results of clinical trials conducted on patients with metastatic breast cancer additionally revealed that even tumors that initially respond to AI treatment later develop resistance, leading to disease progression and recurrence. These reasons indicate the requirement for the development of novel treatments for HR-positive breast cancer.
A previous study revealed that the AR is expressed in 60-70% of breast cancers, regardless of ER status (9). Hu et al observed that among 1467 cases of breast cancer, 78.7% were AR positive; and that among 1164 ER-positive cases of breast cancer, 88.0% were AR positive. AR positivity was associated with a significant reduction in breast cancer mortality and overall mortality (10) . Previous studies have suggested that the majority (95%) of ER-positive tumors are also AR positive (11) (12) (13) . Amongst the ER-negative tumors, AR reactivity was observed in 10% of triple-negative cases [ER negative, progesterone receptor (PR) negative and human epidermal receptor 2 negative]. Certain studies have also demonstrated that dehydroepiandrosterone (Dhea) has growth inhibitory effects on ER-and PR-negative breast cancer cell lines with AR expression (14, 15) . Morris et al reported that Dhea was compatible for the treatment of ER-negative and AR-positive breast cancer when combined with aromatase inhibitors (16) .
Testosterone undecanoate, which is characterized by high safety and few side-effects, is the only existing oral form of testosterone replacement therapy, and is one of the most widely used androgens in clinical therapies (17) (18) (19) . To the best of our knowledge, there are few reports evaluating the effects of androgen treatment for HR-positive breast cancer. The present study was therefore performed in order to evaluate the effects of combined treatment with testosterone undecanoate and anastrozole on HR-positive breast cancer cell proliferation, and to observe the mechanism of drug action.
Materials and methods
Main experimental materials. Testosterone undecanoate, Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and anastrozole tablets were bought from AstraZeneca (London, UK). Cell counting kit (CCK-8; WST-8, cat. no. C0038) was obtained from Dojindo Molecular Technologies, Inc. (Kumamoto, Japan). A cell apoptosis kit with Annexin-V (fluorescein isothiocyanate; FITC) and propidium iodide (PI) for flow cytometry was supplied by Life Technologies (Grand Island, NY, USA). AR (KGA21105), rabbit anti-human GAPDH monoclonal (1:1,000) and goat anti-rabbit secondary monoclonal (1:1,000) antibodies were purchased from Keygen Biotech Co. Ltd (Nanjing, China).
Drug preparation. The stock solutions of drugs were prepared in 0.1% dimethyl sulfoxide (DMSO) and stored at room temperature. The stock solutions of anastrozole and testosterone undecanoate were diluted in DMEM supplemented with 5% FBS prior to use. The final stock solution of anastrozole was 1,000 µg/ml and in the in vitro studies, cells were treated with 0.1 or 0.01 µg/ml. The trial concentrations of testosterone undecanoate used were 20 and 200 µg/ml. The combinations of anastrozole and testosterone undecanoate used for the in vitro investigations were: 0.1 µg/ml anastrozole + 20 or 200 µg/ml testosterone undecanoate and 0.01 µg/ml anastrozole + 20 or 200 µg/ml testosterone undecanoate.
Cell culture. The MCF-7 [ER+, progesterone receptor (PR)+ and AR+] breast cancer cells used were obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA) and cultured according to the ATCC protocol. The MCF-7 ER+ line was grown in DMEM supplemented with 10% FBS and cultured in a 5% CO 2 enriched atmosphere at 37˚C. Images of the cells were captured using a BX51 microscope (Olympus, Tokyo, Japan). Briefly, ~5x10 4 MCF7 cells were seeded into 6-well plates in 2 ml DMEM, containing 10% FBS and 5x10 3 MCF7 cells were seeded into 96-well plates in 0.2 ml DMEM, containing 10% FBS. The cells were cultured in a 5% CO 2 enriched atmosphere at 37˚C. The cell density was between 60 and 70% confluency on the day of the experiment and the old media was replaced. Following treatment with different drugs for 24, 48 and 72 h, the cells in the 6-well plate were harvested for western blotting and flow cytometric analysis, and the cells in the 96-well plate were harvested for CCK-8 assessment.
Cell cytotoxicity assays. Cell cytotoxicity assays on MCF-7 cells following anastrozole and/or testosterone undecanoate treatment were performed using the CCK8 assay according to the manufacturer's instructions in 96-well plates. Exponentially growing cells were seeded at a density of 10,000 cells/well and allowed to grow for 24 h. Following removal of the cell culture medium, MCF-7 cells were incubated for 0, 24, 48 and 72 h in medium containing various concentrations of anastrozole and testosterone undecanoate. Subsequently, MCF-7 cells were treated with CCK8 reagent at 37˚C for 1 h and the solution was converted to a quantifiable yellow dye by mitochondrial dehydrogenases present in viable cells. Absorbency was measured at 450 nm using a microplate reader (RT-6500; Rayto Life and Analytical Sciences Co., Ltd, Shenzhen, China).
Flow cytometric analysis.
In order to elucidate the effects of the combination of anastrozole and testosterone undecanoate, MCF-7 cells were stained with Annexin-V and PI using an Annexin-V/PI staining kit according to the manufacturer's instructions to detect the level of apoptosis. MCF-7 cells were harvested through trypsinization and washed twice with cold phosphate-buffered saline. The cells were centrifuged at 1006.2 x g for 5 min and then the supernatant was discarded and the pellet was resuspended in 1X binding buffer at a density of 1.0x10 5 -1.0xl0 6 cells/ml. Sample solution (100 µl) was transferred to a 5 ml culture tube and incubated with 5 µl of FITC-conjugated annexin V (BD Biosciences, San Jose, CA, USA) and 5 µl of PI (BD Biosciences) for 15 min at room temperature in the dark. Subsequently, 1X binding buffer (400 µl) was added to each sample tube and the samples were analyzed using a flow cytometer (Gallios™; Beckman Coulter, Inc., Pasadena, CA, USA).
Western blot analysis. The four control groups comprised anastrozole-treated (0.1 and 0.01 µg/ml) and testosterone undecanoate-treated (20 and 200 µg/ml) cells, the two experimental groups were the combination-treated cells (0.1 µg/ml + 20 µg/ml and 0.1 µg/ml + 200 µg/ml). Cell lysates were prepared using modified radioimmunoprecipitation assay buffer (Keygen Biotech Co., Ltd) containing a tablet of complete protease inhibitors (Keygen Biotech Co., Ltd). The whole cell lysates were separated by 10% SDS-PAGE (Life Technologies) and the gels were transferred onto polyvinylidine difluoride membranes, blocked with 5% skim milk powder (Life Technologies) and incubated with rabbit anti-human AR monoclonal antibody (1:1,000; cat. no. 21105; Keygen Biotech Co., Ltd., Nanjing, China). The band was visualized with enhanced chemiluminescent substrate (Life Technologies) following incubation at 4˚C for 12 h with the appropriate horseradish peroxidase-conjugated secondary antibodies. Images were captured using an image analyzer (G:BOX chemiXR5; Synoptics Ltd, Cambridge, UK).
Statistical analysis.
The results are presented as the mean ± standard deviation. Statistical analysis was performed using SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA). The results of the cell cytotoxicity and western blot assays were analyzed by one-way analysis of variance to compare data from cell cultures treated with various drug concentrations and incubation times of anastrozole and testosterone undecanoate. P<0.05 was considered to indicate a statistically significant difference between values.
Results

Combined treatment with anastrozole and testosterone undecanoate enhances cytotoxity in MCF-7 cells.
A cytotoxity assay was performed in order to analyze MCF-7 cell viability following treatments with anastrozole and/or testosterone undecanoate for 0, 24, 48 and 72 h. The main cytotoxicities of the drugs included reducing the number of MCF-7 cells and inducing cell lysis (Fig. 1) . A microplate reader was 
subsequently used to measure the absorbency of the solution in each well ( Table 1 ). The cellular proliferation inhibition rates following different drugs within 0-24 h were low and no significant differences among different groups were identified Fig. 2A) . As indicated in Fig. 2 , the results revealed that compared with anastrozole-treated (0.1 or 0.01 µg/ml) cells, the cellular proliferation inhibition rates of combination-treated (0.1 µg/ml + 200 µg/ml or 0.01 µg/ml + 200 µg/ml) cells were significantly higher following 24 h of treatment (P<0.05; Fig. 2B ). However, there was no significant decrease in MCF-7 cell viability among other concentration combinations (0.1 µg/ml + 20 µg/ml and 0.01 µg/ml + 20 µg/ml; P>0.05). Following 48 h of treatment, the testosterone undecanoate and all drug combination groups had significantly fewer viable cells than those of the anastrozole-treated group (P<0.05; Fig. 2C ). Following treating for 72 h, the cellular proliferation inhibition rates in all groups were higher than at 0-24 h and the results revealed that the drug combination groups eradicated more cancer cells than the anastrozole-treated group (Fig. 2D) . Fig. 3 exhibits representative flow cytometric scatter plots of MCF-7 cells double-stained with Annexin V-FITC and PI, revealing the number of apoptotic cells 24 and 48 h following treatment with anastrozole (0.1 µg/ml; Fig. 3A and B) and combined drug treatment (0.1 µg/ml anastrozole + 20 µg/ml testosterone undecanoate; Fig. 3C and D) . There were significant differences in the level of apoptosis between the various concentrations of drugs at 24 and 48 h. Data analysis revealed that the average percentage of apoptotic cells was significantly higher at 48 h in MCF-7 cells treated with the drug combination, compared with anastrozole treatment alone (60.73±0.81% vs. 22.73±0.35%; P<0.05; Fig. 3E ).
Combined treatment enhances apoptosis in MCF-7 cells.
AR protein expression is decreased in the combined treatment groups.
To elucidate whether the AR signaling pathway functioned via direct interaction with the combined treatment drug pathway, the expression of AR protein in MCF-7 cells was evaluated via western blot analysis in the various concentration treatment groups following 24 and 48 h of incubation. A significant decrease in AR protein expression was observed in the 0.1 µg/ml + 20 µg/ml and 0.1 µg/ml + 200 µg/ml co-treated MCF-7 cells, compared with that of the untreated cells (Fig. 4) . Quantification of the bands indicated that the AR protein expression levels were significantly reduced in the 0.1 µg/ml + 20 µg/ml combined treatment group, compared with those of the 20 µg/ml testosterone undecanoate-treated group (755.88±0.95 vs. 854.51±2.17; P<0.05). In addition, the AR expression levels in the 0.1 µg/ml + 200 µg/ml experimental group were significantly lower than those is the 200 µg/ml testosterone undecanoate-treated group (194.35±1.01 vs. 453.74±2.07; P<0.05; Fig. 5 ).
Discussion
Breast cancer is one of the most common types of cancer observed among females. Endocrine therapies targeting hormone receptors or aromatase have successfully improved the overall survival and markedly reduced the risk of recurrence of patients with ER positive breast cancer. Despite such developments, certain patients with ER-positive or -negative types of breast cancer still lose sensitivity to endocrine therapy, reducing its effectiveness. The mechanisms underlying this effect have remained to be elucidated. To date, studies have revealed that the androgen signaling pathway may have key functions in normal and malignant breast tissue (20) . ARs are the most ubiquitously expressed sex-steroid receptors amongst malignant breast tumors, and are expressed in up to 90% of primary tumors and 75% of metastases (21) . Previous studies have indicated that AR expression is positively correlated with ERα and PR expression, as well as low proliferative activity (22) (23) (24) . Prostate cancer and breast cancer share similar biological features and common components (25) . Previous studies have suggested that AR may contribute to prostate cancer growth during its recurrence and that endocrine therapy targeting AR may delay prostate cancer progression by inhibiting AR activity via androgen ablation and regulation of signal transduction pathways (26) . As a result, AR dysregulation and its potential therapeutic value have been investigated in this group of breast neoplasms (27) . Ni et al demonstrated that AR functioned as an antiproliferative effector in ER-positive breast cancer, but that it facilitated tumor cell growth in AR-positive and ER-negative cell line models of breast cancer in an androgen-dependent manner (28) . A retrospective study, which followed 508 postmenopausal females in South Australia receiving testosterone treatment in addition to normal hormone therapy, hypothesized that the inclusion of testosterone with conventional hormone therapy for postmenopausal females did not increase, and may reduce, the risk of hormone therapy-associated breast cancer; therefore, returning the levels of incidence to those observed in the general untreated population (29) . The results of the present study revealed when MCF-7 ER-positive breast cancer cells were co-treated with anastrozole and testosterone undecanoate, the anti-proliferative effects were enhanced and the levels of apoptosis were more than two-fold greater in cells treated with anastrozole and various concentrations of testosterone undecanoate, compared with those of cells receiving anastrozole treatment alone.
Notably, it was also demonstrated that the AR signaling pathway was suppressed and the AR protein level was significantly reduced following anastrozole and testosterone undecanoate combined treatment, compared with the two drugs alone, respectively. Previous studies have evaluated the association between AR expression in breast cancer and the effectiveness of hormone therapies, including tamoxifen and AI treatments, using ER-positive breast cancer cell lines. The results indicated that AR overexpression may induce tamoxifen resistance (30) (31) (32) ; and therefore, if AR expression influences the activity of tamoxifen (33), then tamoxifen should only be used in the treatment of AR-negative subtypes of breast cancer (13) . Further studies have also demonstrated that the cytotoxic effects of anastrozole on breast cancer cells could be enhanced by treating with androgens simultaneously (34) (35) (36) . However, based on the results of the present study, various concentrations of testosterone undecanoate were utilized to reduce the expression of AR protein, as previously reported (37) , and therefore significantly enhance the cytotoxic effects of anastrozole. Further studies are required to evaluate these hypotheses and confirm the present findings.
In conclusion, the antiproliferative effects of anastrozole on MCF-7 human breast cancer cells were significantly enhanced by combined treatment with testosterone undecanoate, and the AR signaling pathway may represent a novel target for the development of breast cancer therapies.
